A systematic study of the electric-field-induced forces between a solid glass sphere and a flat gold-plated substrate filled with an insulating liquid has been carried out. Using atomic force microscopy, we measure the electrostatic force f (s, V ) between the sphere and substrate as a function of the surface separation s and applied voltage V . The measured f (s, V ) is found to be well described by an equation for a conducting sphere. Further force measurements for the "wet" porous glass spheres filled with an aqueous solution of urea and the dried porous glass spheres filled with (dry) air suggest that there is a water layer of a few nanometers in thickness adsorbed on the hydrophilic glass surface under ambient conditions. This adsorbed water layer is more conductive than the dielectric core of the glass sphere, making the sphere surface to be at a potential close to that of the cantilever electrode. As a result, the electric field is strongly concentrated in the gap region between the glass sphere and gold-plate substrate and thus their electrostatic attraction is enhanced. This surface conductivity effect is further supported by the thermal gravimetric analysis (TGA) and force response measurements to a time-dependent electric field. The experiment clearly demonstrates that the adsorption of a conductive water layer on a hydrophilic surface plays a dominant role in determining the electrostatic interaction between the dielectric sphere and substrate.
Introduction
The recent discovery of the giant electrorheological (GER) effect [1] , which breaks the upper bound of the traditional ER effect [2] , has stimulated considerable experimental and theoretical efforts aimed at understanding its microscopic origin [1, [3] [4] [5] . For the traditional ER fluids [6] , which refer to a class of uncoated colloidal particles suspended in a liquid (such as an oil), their rheological properties are determined by the induced dipole moment of the colloidal particles when an external electric field is applied. Under the influence of the external electric field E, these dipole moments are aligned along the vector connecting them and the particles form chains/columns along the electric field direction [6, 7] . The formation of such chain-like structure gives rise to an increase in the viscosity and yield strength of the colloidal suspension, an effect which is generally proportional to E 2 [5] . The GER effect was produced by using urea-coated barium titanyl-oxalate nano-particles dispersed in silicone oil. It was found [1] that the yield stress of the GER suspensions increases linearly with the applied electric field, which is distinctly different from that for the traditional ER fluids. It is generally believed that the alignment of the dipole moment of urea molecules in the small contact area between the a e-mail: penger@ust.hk neighboring nano-particles is responsible for generating a strong inter-particle bond to account for the GER effect. However, a microscopic picture about how the alignment of the urea molecules can occur remains elusive [1, 3] .
To test the microscopic origin of the GER effect, one not only needs to check the electric field dependence of the yield stress but also should examine the amplitude of the electrostatic force between the neighboring spheres over varying sample conditions, such as the dielectric contrast between the particles and liquid and the surface separation between the coated particles. The conventional measurement of the yield stress of bulk ER suspensions can only provide information about the electric field dependence but not the exact amplitude of the electrostatic force between the neighboring spheres. Finding such information from the macroscopic measurement is difficult, because of the complications due to other effects in the ER suspensions, such as partial slip of the particles at the moving boundaries, uncertainties in the number density of nano-scale contacts between the particles, the finite conductivity effect of the particles and liquid [8, 9] , and some intrinsic features of the real world, such as the effect of remaining water associated with certain type of ER fluids [9, 10] .
Several attempts [9, 11] have been made to address this issue by directly measuring the electric-field-induced forces between two spheres. These early experiments
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The European Physical Journal Applied Physics focused mainly on the simple configurations using large dielectric spheres of 6-14 mm in size with measurements made at the contact [9] or in air [11] . More recently, Kwek et al. [12] used an atomic force microscope (AFM) to measure the electrostatic forces acting on a single glass sphere in an applied electrical field under ambient air conditions. The size of the glass spheres used was in the range of 105-150 μm and they were glued to an AFM cantilever. Because these studies were carried out in air, the obtained results are not directly applicable to the actual ER (and GER) suspensions, which involve micro-and nano-scale particles with varying surface conditions and insulating liquids with different additives. Measuring colloidal forces under an external E-field and in a liquid environment is a challenging task in experiment. In particular, the direct measurement of the ER effect will require a precise microscale force apparatus and a careful exploration over a large parameter space including the electric field strength, the particle separation, complex liquid medium between the spheres and surface modifications of the particles under study.
As a first step, we report in this paper a systematic study of the electric-field-induced forces between a glass sphere and a gold-plated flat substrate using AFM. To facilitate the experimental investigation, we construct an AFM-based force apparatus as shown in Figure 1a . An external electric field is generated by applying a dc voltage V across two electrodes. One electrode is made of a flat substrate and the other is a rectangular shaped AFM cantilever; both are coated with a thin layer of gold. A glass sphere of radius R ( 15 μm) and dielectric constant p is glued underneath the AFM cantilever. The entire system is immersed in a fluid of dielectric constant f . Using an AFM one can directly measure the electrostatic force f (s, V ) between the sphere and the substrate as a function of the surface separation s and applied voltage V.
The use of a gold-plated flat substrate has several advantages. First, it serves as an electrode to conveniently provide an external electric field across the glass sphere. Second, it generates an image charge at an equal distance on the opposing side of the glass sphere relative to the substrate, so that the measured attractive force f (s, V ) between the sphere and gold-plate substrate under an applied E-field is equivalent to that between two identical spheres (one of them is the image sphere) at a surface separation 2s. Finally, because the alignment between a sphere and a flat surface is straightforward, it avoids the complex alignment problem between two small spheres along the direction of the E-field.
With this versatile electro-mechanical apparatus, we are able to study how the measured f (s, V ) changes with the electric field strength (or the applied voltage V ), the surface separation s, and different liquids filled in the gap region between the sphere and substrate and different surface modifications of the glass sphere used. In the experiment to be described below, we verify the working principle of the new apparatus, delineating the experimental conditions for the precise measurement of f (s, V ), and demonstrate the applications of the force apparatus by investigating interesting features of several colloidal systems.
The remainder of the paper is organized as follows. We first describe the working principle of the new force apparatus in Section 2. The experimental method and sample preparations are discussed in Section 3. Experimental results are presented in Section 4, and the work is summarized in Section 5.
Theoretical background
When the dielectric sphere is electrically isolated from the AFM cantilever, it is polarized by the external electric field E with an induced dipole moment given by [5, 13] :
where 0 is the permittivity of vacuum and β
is the Clausius-Mossotti factor. The resulting electrostatic interaction between the sphere and the substrate can be approximated by an electrostatic attraction between the induced diploe p and its image dipole, which has the same amplitude and polarity and is located on the opposing side of the substrate with a centerto-center distance 2(R + s). For large values of 2(R + s), the dipole approximation is accurate and one has [8, 13] :
where V is the applied voltage and the electric field strength E has been approximated by E V /(2R + s). Here we have assumed that the electric field is uniform across the sphere and ignored the local field correction due to the surrounding dipoles [13, 14] .
When the sphere is very close to the substrate, the dipole approximation is not adequate and one needs to consider higher order corrections due to the finite size of the sphere. Using the equivalent multipole method, Washizu and Jones [15] obtained an exact solution for the electric-field-induced force between two polarized spheres at an arbitrary surface separation 2s. Their solution contains a series expansion in powers of (R/[2(R + s)]) n with n = 1, . . . , ∞ [15, 16] . It was found that for a small dielectric mismatch ( p / f 2), the higher order corrections are small and the numerical summation of the power-law expansion is approximately the same as the dipole contribution [15] . When s R, equation (2) becomes:
Equations (2) and (3) reveal that when the surface gap between the two dielectric spheres becomes very small
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compared with their radius R, the E-field-induced force f d (s, V ) saturates at a value independent of s and R.
If the dielectric sphere is replaced by a conducting sphere such as a copper sphere, which is electrically connected to the AFM cantilever, the electrostatic force between the sphere and the substrate becomes [17, 18] ,
where V 0 is the residual voltage due to the static charges on the sphere, and s 0 represents the distance of closest separation between the two surfaces (due to the surface roughness of the sphere). Equation (4) was obtained in the small s limit and has been used for accurate calibration of force measurements [18] . By comparing equations (3) and (4) we find that the amplitude of the electrostatic attraction for a dielectric sphere is much smaller than that for a conducting sphere, because in the latter case, the electric field is highly concentrated in the gap region between the two conducting surfaces. In fact, the amplitude ratio,
2 s/R, goes to zero at the limit s/R → 0. In obtaining equation (4), one has assumed that only the conducting sphere generates the E-field. As shown in Figure 1a , an AFM cantilever is used to apply the electric voltage across the (conducting) glass sphere and the substrate. To investigate the effect of the cantilever electrode to equation (4), we conduct a numerical study of the electric field in the same setup as shown in Figure 1a , using the three-dimensional electrostatic model of COMSOL Multiphysics software package. In the numerical calculation, the actual dimensions of the cantilever and (conducting) sphere are used and both of them are kept at the same voltage relative to the grounded substrate. The force between the conducting sphere and substrate is calculated by a boundary integration of the surface charge density of the sphere multiplied by the nearby electric field in the vertical direction. The calculated f c (s, V ) is found to be proportional to V 2 , as predicted by equation (4) . (4) (solid line) under the same sample conditions ( f = 2, R = 15 μm, V 0 = 0 and s 0 = 0). Excellent agreement is obtained between the numerical results and the theoretical prediction. Because the surface separation between the sphere and substrate is in a much smaller range compared with the sphere diameter, the resulting electric field (and hence f c (s, V )) is determined primarily by the E-field concentrated in the gap region and is hardly affected by the stray field generated by the cantilever farther away from the gap region.
Experiment

AFM operation
Measurements of the electrostatic force f (s, V ) between the glass sphere and substrate are conducted using an AFM (MFP-3D, Asylum Research) under the contact mode. Commercial silicon micro-cantilevers (nanosensors) of spring constant k 2 N/m are used in the AFM measurement. The tip-side of the cantilever is coated with a thin layer of gold of 100 nm in thickness using an e-beam evaporator. A solid soda lime glass sphere of dielectric constant p = 3.9 is then glued onto the further end of the rectangular cantilever beam (tip-side) using an UV curable glue (Norland optical adhesive, No. 81). The radius of the sphere is R 15 μm, as measured by a scanning electron microscope (SEM). We also use the AFM to directly measure the surface roughness of the glass spheres used in the experiment. The maximum roughness of a sample glass sphere is found to be 43 nm. This value is consistent with the measurements by other groups [19] . The assembly of the modified cantilever probe is carried out under a highmagnification stereo-microscope using a motorized micromanipulation system. Figure 1b shows an SEM image of the assembled micro-sphere system. The spring constant k of the modified cantilever probe is individually calibrated
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The European Physical Journal Applied Physics (4) with f = 2, R = 15 μm, V0 = 0 and s0 = 0.
using the thermal power spectral density method.
1 All the AFM experiments are conducted in a laboratory with a vibration-isolation floor. In addition, the entire AFM system sits on an active vibration-isolation table, which further reduces the effect of surrounding vibrations.
A piece of gold coated silicon wafer with a typical (maximum) value of surface roughness of 5-10 nm is used as the flat substrate. It is placed in an AFM liquid cell, which has a wiring system to connect the gold surface to a power supply. A voltage in the range of ±10 V is applied to generate the electric field E between the two gold coated surfaces with the cantilever surface being grounded. In the experiment, we measure f (s, V ) as a function of s while keeping V constant, which is monitored by a multimeter. The closed-loop piezoelectric stage of the AFM provides accurate changes in s. All the force curves are taken at a spatial resolution of 1250 data points per micrometer corresponding to 0.8 nm per data point.
The force measurement starts with the sphere approaching the substrate. The scan range is set at 15 μm so that the electrostatic force between the two surfaces is zero at the largest separation. To avoid damaging the cantilever by the hard press of the sphere onto the substrate, the cantilever retreats from the surface automatically once its deflection reaches 100 nm. Special care is taken at the contact point, where the sphere touches the substrate and the force curve reveals a sharp upturn point. This happens only when the contact region on the substrate is very clean. Otherwise, the additional adhesion on the substrate may cause the sphere to snap onto the surface before it touches the surface. Because of the surface adhesion, it takes a longer traveling distance for the sphere to separate from the substrate during the retreating process. Therefore, the approaching force curve is used for the data analysis. The approaching velocity is set at U a = 0.1 μm/s 1 AFM manual, Asylum Research (2010). and the retreating velocity is set at U r = 5 μm/s. In this way, one can obtain more data points during the approaching and spend less time on the retreating. We have verified that the measured f (s, V ) remains unchanged with varying U a .
Sample preparations
Three insulating fluids with different dielectric constants are used to fill the entire gap region between the sphere and substrate. They are air (under ambient conditions), decane (purchased from Sigma-Aldrich) and silicon oil (purchased from Shin-Etsu Chemical Co., Japan). The latter two liquid samples are used as received.
In addition to the solid soda lime glass sphere, we also use the porous silica sphere (Spherical Silica Gel, Product No. 93875, Sigma-Aldrich) and measure its force curve f (s, V ) in silicon oil. The pore size of the sphere is in the range of 6-8 nm and the porosity of the sphere is 65-72 vol.%. Before being glued on the AFM cantilever, the porous sphere is pre-treated so that it is filled with an aqueous solution of urea molecules. Urea is known to have a large molecular dipole moment of μ = 4.6 debye and molecular number density of 1.3 × 10 22 cm −3 [20] . It has been shown [21] that the dielectric constant u of the urea solution increases linearly with its concentration. The values of u of the urea solution at different mass concentrations are given in Table 2 .
To ensure that the urea solution fills up the pores of the silica sphere, the powder sample of the porous spheres is first dried at 120
• C for overnight. The dried powder sample is then put on a clean cover slide, which is carefully placed on the very edge of a glass beaker containing the urea solution so that it can be easily shaken off into the beaker. The entire apparatus is placed in a small vacuum oven and after 15-min pumping by a mechanical pump to remove the air inside the pores, the cover slide is shaken off into the beaker to allow the powder sample to fully absorb the urea solution. The sample is kept in the vacuum oven until there is no bubble coming out of the powder sample. Finally, the spheres are dipped into a 20 wt.% aqueous solution of glycerol for 15-30 min. Glycerol is very hydrophilic and its aqueous solution is viscous and much less volatile. Having a thin layer of the glycerol solution on the outer surface of the porous sphere helps to prevent the urea solution from leaking out of the pores when the sphere is in contact with a different liquid. Three urea solutions of concentration 0 wt.% (pure water), 25 wt.% and 50 wt.% (saturated concentration) are used to treat the porous spheres. The pre-treated sphere is then glued on the AFM cantilever. solid glass sphere in decane. The two curves are obtained, respectively, at the applied voltages V = 4 V (black curve) and V = 8 V (red curve). When the two surfaces are far apart (s 4 μm), the measured electrostatic force is essentially zero. As the sphere gets closer to the substrate, an attractive force is developed. As shown in Figure 3b , this attractive force increases with the applied voltage. When the sphere touches the substrate, the hard-wall repulsion forces the cantilever to reverse its bending direction and the resulting f (s, V ) reveals a sharp linear rise as the z piezo goes down further. Because of the large resistance between the glass sphere and substrate (∼10 12 Ω), there is no measurable current detected (<1 pA) when their surfaces touch with each other (see more discussions in 
Results and discussion
Force measurements for solid glass spheres
Sect. 4.3).
In the plot, we choose the point with the largest attractive force f (0, V ) as the contact point (s = 0).
2 The experimental uncertainty in determining the actual s = 0 point in this way is less than 10 nm, which is small compared with the range of the attractive force shown in Figure 3 . It is seen from Figure 3b that the contact point (s = 0) varies slightly with the applied voltage. Figure 4 compares the measured force curves f (s, V ) as a function of s in the approaching direction (black triangles) and in the retreating direction (red circles). During the retreating, the glass sphere initially sticks on the substrate until the restoring force of the cantilever becomes large enough to overcome the adhesion force between the two surfaces. This results in a linear dependence of the measured f (s, V ) on s before the surface detachment and a sudden jump in the force curve, as marked by the arrow in Figure 4 . In comparison, the measured f (s, V ) in the approaching direction provides accurate information about the measured force at small values of s (s 30 nm) as shown in Figure 4 . This is because the lubrication effect of the fluid in the gap region will smear out any sudden change in the approaching force curve. The sudden jump in the retreating force curve results from a combined effect of all short-ranged forces, such as van der Waals forces and possible capillary forces due to the formation a water bridge between the sphere and substrate [22, 23] , if there is a substantial water layer adsorbed on the glass sphere. At the moment we have no means of separating these short-ranged forces and thus the retreating curve is not used in our data analysis. Hereafter, we focus on the 2 The Asylum AFM has a built-in function to directly determine the s = 0 point by the intersection point between the measured force curve and the sharp linear rise.
31301-p5
The European Physical Journal Applied Physics analysis of the functional form of the measured f (s, V ) in the approaching direction.
To examine the V -dependence of the measured f (s, V ), we plot f (s , V ), in Figure 5a , as a function of V at a fixed surface separation s = 200 nm. The three curves (top to bottom) are obtained for a solid glass sphere immersed in three fluids: air (green triangles), decane (black diamonds) and silicon oil (red circles), respectively. It is seen that the measured f (s , V ) as a function of V has a parabolic shape and the force minimum occurs at a positive voltage V 0 > 0. The solid lines show the fitted function:
where a and V 0 are two fitting parameters and their values are given in Table 1 . The existence of a positive offset voltage V 0 suggests that the surface of the glass sphere carries negative charges. It is also found that the force amplitude a increases with the dielectric constant f of the liquid medium, which is also given in Table 1 . However, the obtained values of a are not proportional to
2 , as predicted in equation (2) for a dielectric sphere. In Figure 5a , we choose s = 200 nm in the separation range in which the electrostatic attraction is large and the measured f (s, V ) is not affected by other shortranged interactions (see the discussions on Fig. 6 ). The measured f (s , V ) for other values of s in the range exhibits the same behavior. Figure 5b shows the normalized force curve, f(s ,V )/f 0 , as a function of (V − V 0 ), where f 0 ≡ |f (s , V )| is the absolute value of measured force at s = 200 nm and V = −5.0 V. The three sets of data overlap well once they are plotted in the normalized form. Figure 5b thus suggests that f (s , V )/f 0 has a universal form.
To examine the s-dependence of the measured f (s, V ), we plot the normalized force curve f (s, V )/f 0 , in Figure 6 , as a function of s when the applied voltage is fixed at V = −5.0 V and f 0 ≡ |f (s , V )|. The three sets of data are obtained in three different fluids: air (green triangles), decane (black squares) and silicon oil (red circles).
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The three normalized force curves collapse on to a single master curve, which is well described by the equation:
where s = 200 nm and s 0 is a fitting parameter characterizing the total roughness of the two surfaces [17, 18] . The solid line shows a fit to equation (6) with s 0 = 132 nm.
The fitted values of s 0 for different fluids are given in Table 1 . To check the reproducibility of the experiment, we repeated the measurements in decane with different spheres of the same size. The final results given in Table 1 reveal that our force measurements give consistent results. Table 1 reveals that the roughness parameter s 0 for the solid glass sphere system is typically 100 nm, which is small compared with the size of the sphere. From the AFM surface morphology measurements described in Section 3.1, we find the total roughness of the glass sphere and substrate to be in the range of 50-60 nm. Thus the fitted value of s 0 is close to but slightly larger than the measured surface roughness. There are two additional factors which tend to increase the fitted value of s 0 . First, we notice that the measured f (s, V ) starts to deviate from the 1/s behavior when s becomes very small ( s 0 /2). Such deviations may be caused by other short-ranged forces, such as van der Waals attraction and those due to surface contaminations. These deviations in the small s region tend to increase the fitted value of s 0 . Second, for the force measurements conducted in a liquid medium, the residual impurity particles and the lubrication layer on the sphere surface will make the value of s 0 larger than its pure roughness value in air.
By combining the findings summarized in equations (5) and (6), we conclude that the functional form of the measured f (s, V ) is well described by equation (4) for a conducting sphere, rather than equation (3) for a dielectric sphere. To further verify this effect, we repeat the force measurement using a gold-coated glass sphere (a conducting sphere) and find that equation (4) is indeed correct both in amplitude and in functional form when the surface separation s is varied from 10 μm to 20 nm. Furthermore, to compare the measured force amplitude a in equation (5) Table 1 , from which one finds that a typical value of α is about 0.65.
A possible cause for the glass sphere to behave like a (partially) conducting sphere is that the glass surface is hydrophilic and a layer of water molecules may be adsorbed on the glass surface under ambient conditions with a typical relative humidity of 60% in the laboratory. This layer of water is much more conductive than the dielectric core of the glass sphere, making the particle surface to be at a potential close to that of the cantilever electrode. In previous investigations of ER fluids, one has also considered the conductivity effect of both the particles and oils used as an insulating medium [8, 14] . Because of the water adsorption, the glass surface is ionized with negative charges on it [24] . This explains why a positive offset voltage V 0 is needed to minimize the electrostatic interaction between the glass sphere and the substrate (see Fig. 5a ). However, because the moisture water only has finite conductivity and with additional surface roughness and chemical heterogeneity, the adsorbed layer of water may not form a conducting film as good as a copper film, thus giving rise to a smaller value of α when compared with that for a perfect conducting sphere.
Force measurements for porous silica spheres
We repeat the force measurement for the porous silica sphere in silicon oil. The purpose of the measurement is twofold. First, by using the porous sphere filled with an aqueous solution of urea, the amount of surface water is increased, thus allowing us to have a controlled way to further verify the surface water effect as discussed above. Second, because urea has a large molecular dipole moment, introducing more dipoles on the particle surface may enhance the surface conductivity and further increase the electrostatic interaction between the sphere and substrate. The measured force curves f (s, V ) for the porous silica sphere are found to be well described by equations (5) and (6) . Following the same fitting procedures as for the bare solid glass sphere, we obtain the values of α, V 0 and s 0 , which are given in Table 2 . It is found that the force amplitude α is increased to a value close to 1 for all the porous spheres filled with the urea solution of different concentrations. Evidently, the presence of the urea solution in the porous sphere indeed helps to maintain a more conductive water layer on the sphere surface, making the porous sphere behave like a even better conducting sphere. Such a water layer also ionizes the silica surface, making it carrying negative charges. This explains why the fitted values of the offset voltage V 0 for the porous spheres filled with the aqueous solution are all positive. Another effect of having a urea-water layer on the sphere surface is that it reduces the roughness of the sphere surface. It is seen from Table 2 that the fitted values of the roughness parameter s 0 are only ∼60% of the values for bare solid glass sphere.
For comparison, we also conduct the force measurement for the dried porous silica sphere filled with air. Figure 7 shows the comparison of the measured force curves f (s, V ) as a function of s for the dried porous silica sphere in silicon oil (red curve) and bare solid glass sphere in decane (blue curve). The measured f (s, V ) for the dried porous silica sphere is much smaller than that for the bare solid glass sphere under the same applied voltage (V = 8 V). Because much of the water layer is removed from its surface, the dry sphere becomes much less conductive and consequently the obtained α for the dry sphere is very small. The fitted value of s 0 for the dry sphere is noticeable larger than that for the porous spheres filled with the urea solution. This is partially due to the fact that the measured f (s, V ) for the dry sphere is not well described by equation (6) . In addition, we find
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The European Physical Journal Applied Physics Table 2 . Fitted values of α, V0 and s0 for the porous silica sphere in silicon oil ( f = 2.5). The pores of the sphere are filled with an aqueous solution of urea with mass concentration ρ and dielectric constant u. The last two rows show the data obtained for the dried porous silica sphere in (dry) air ( f = 1.0) and the APTS-coated solid glass sphere in decane ( f = 2.0). V 0 = −1.39 V for the dry sphere, indicating that it carries some positive charges. There is no ionization for the dry sphere and we suspect that the charging is probably caused by the friction between the spheres during the sample preparation. It should be noted that the friction effect only occurs in dry samples. For "wet" samples, the water layer on the glass sphere surface (as a lubrication and conducting layer) will significantly reduce the friction between the spheres during the sample preparation and can also reduce the accumulation of static charges on the sphere surface. From the force measurement results as shown in Tables 1 and 2 , we find that there is a large difference in the conductive behavior among the three glass spheres with different surface treatments. For the "wet" porous glass spheres filled with an aqueous solution of urea, their surface conductivity is very close to that of a metal sphere and the measured force curve f (s, V ) is well described by equation (4) with the force amplitude ratio α 1. The dried porous glass spheres filled with air, on the other hand, behave like (nearly) insulating spheres with α 0.03. The bare solid glass spheres in air or in organic solvents act as (partially) conducting spheres with the value of α in the range of 0.6-0.7. These results thus provide strong evidence that there is a thin layer of water adsorbed on the hydrophilic glass surface under ambient conditions. This adsorbed water layer ionizes the glass surface, making it negatively charged, and at the same time makes the glass sphere (partially) conductive. The adsorption of a thin water layer on the glass sphere was also noticed in previous experiments [12, 25] .
Further tests of the conducting sphere hypothesis
To further test the conducting sphere hypothesis, we carry out two ancillary measurements. First, to find the amount of water adsorbed on the glass surface, we conduct the thermal gravimetric analysis (TGA) on a powder sample of the glass spheres and measure its weight loss due to the water evaporation when the sample is heated to a higher temperature.
3 Removing water molecules from the hydroxylated silica surface by heating is a process which has been studied extensively [26] [27] [28] . It was found that "free" surface water (loosely bound or mechanically trapped water) comes off from the surface first at temperatures below ∼80
• C in the atmosphere. The desorption of physically adsorbed (or hydrogen-bounded) water molecules is completed at ∼150
• C and is followed by a broad region of weight loss due to the dehydroxylation process [27] . These characteristic features are all observed in our TGA measurements. The black curve in Figure 8 shows the TGA curve for the bare solid glass spheres. It reveals an initial steep weight loss with increasing temperature up to ∼75
• C, followed by a continuous weight loss with further increase of temperature until ∼160
• C. There is an abrupt change of slope in the weight loss curve at ∼160
• C, after which the weight loss curve changes gradually with increasing temperature.
Similar TGA measurements are also made for the solid soda lime glass spheres, whose surface was grafted by a layer of aminopropyl trimethoxysilane (APTS) molecules. Because the APTS-coated surface is less hydrophilic than the bare glass surface, the amount of water physically adsorbed on the APTS-coated surface is expected to be less. Indeed, the red curve in Figure 8 shows the case. It is seen that removing "free" surface water from the APTScoated surface by heating is completed at ∼75
• C and it counts about (0.05-0.1)% of the weight loss. By comparing the two curves in Figure 8 one immediately finds that the weight loss associated with the removal of the physically adsorbed water is absent from the APTS-coated surface. Figure 8 thus suggests that about (0.05-0.1)% of the 3 The glass powder sample of 21 mg in weight is kept in the nitrogen gas environment during the heating. The temperature scan starts from room temperature (25 • C) to 800
• C at an initial heating rate 2
• C/min until 250
• C followed by a final heating rate 10
• C/min. The glass spheres are sintered at high temperature and the powder sample becomes a bulk at the end of the heating. weight loss shown by the black curve can be attributed to the release of the physically adsorbed water.
31301-p8
As shown in Figure 7 , the measured f (s, V ) for the APTS-coated glass sphere is much smaller than that for the bare solid glass sphere under the same applied voltage (V = 8 V). This is consistent with our expectation that the amount of water adsorbed on the hydrophobic surface coated with APTS is reduced, and consequently the APTS-coated sphere becomes less conductive with the obtained value of α being very small (see Tab. 2). The fitted value of s 0 for the APTS-coated sphere is noticeable larger than that for the bare solid glass sphere. This is because the measured f (s, V ) for the APTS-coated sphere is not well described by equation (6) . In addition, we find the offset voltage V 0 = −1.57 V for the APTS-coated sphere, indicating that it carries some positive charges. This is most likely caused by the ionization of the amine terminated APTS layer by the remaining surface water, which switches the sign of the surface charge of the glass sphere from negative to positive [29] . This sign change thus suggests that the surface charge of the glass sphere is not from impurities in decane [25] .
From the above results, we conclude that it is the surface water adsorbed on the glass sphere which is responsible for making the glass sphere to be more conductive. Assuming that the 0.05% weight loss of the surface water covers the surface of the glass spheres uniformly, we estimate the thickness of the water layer to be ∼6 nm. It should be noted that the 6 nm is a rough estimate based on the indirect TGA measurement of the bulk powder samples. It was found from more direct single-particle AFM adhesion measurements that the adsorbed water layer thickness is about 2.4 nm at 60% humidity [30] . Because of the differences in contact geometry between the probing sphere and substrate (and corresponding roughness effects), the measured values of the water layer (7) with F0 and R0C as two fitting parameters.
thickness were found to vary in a range of a few nanometers [31, 32] .
A direct consequence for the adsorbed water layer being partially conductive is that the entire system (glass sphere plus cantilever) is now linked together as a component of an electric circuit with a finite time constant R 0 C, where R 0 is the effective resistance of the water layer, and C is the capacitance in the circuit mainly due to the junctions between the glass sphere and two electrodes. In this case, when the applied voltage V 0 is turned off at time t = 0, the actual voltage across the two electrodes will decay as V (t) = V 0 exp[−t/(R 0 C)]. Because the force is proportional to V 2 , we have:
where F 0 is the force at t = 0. To further verify this argument, we conduct the second experiment to directly measure the time-dependence of the voltage V (t) between the cantilever and substrate and the corresponding force f (t) when the external voltage is turned off suddenly. Figure 9 shows the measured V (t) (red solid curve) and f (t) at a fixed surface separation s = 170 nm in air (open triangles) and in decane (open circles). We find that when the external voltage is turned off with a short falling time t f ( 5.7 ms), it takes more than 30 ms for the electrostatic force f (t) to decay to zero. The black solid lines show the fits to equation (7) with F 0 and R 0 C as two fitting parameters. The fitted values of R 0 C are 1.34 × 10 −2 Ω F in air and 1.95 × 10 −2 Ω F in decane. For a capacitor formed between a conducting sphere of radius R and a flat conducting surface, its capacitance is given by [33] :
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Assuming the main contribution of the capacitance is from the gap between the glass sphere and substrate, we calculate the values of C in air (C = 3.3 × 10 −15 F at s = 170 nm) and in decane (C = 6.6 × 10 −15 F at s = 170 nm) using equation (8) and obtain the value of the resistance R 0 = 4.1 × 10 12 Ω in air and R 0 = 3.0 × 10 12 Ω in decane. With these two values of R 0 and the typical resistivity values of regular water, ρ = (1 − 5) MΩ cm [34, 35] , we find the water layer thickness h to be in the range h = (0.8-3.9) nm in air and h = (1.1-5.3) nm in decane. In the above estimation, we have assumed that the water layer has a shape of a spherical shell and its (north and south) polar regions are occupied by two planner electrodes. The obtained values of the water layer thickness h from the electric measurement are consistent with those obtained from the TGA and other direct AFM adhesion measurements [30, 31] .
From the measured bias voltage V 0 0.78 V in decane (see Tab. 1) and calculated capacitance C = 6.6×10
−15 F in decane, we can estimate the surface charge density of the glass sphere to be σ CV 0 /(4πR 2 ) = 1.8 × 10 −6 C/m 2 . This value of σ is much smaller than the literature value (σ 1 × 10 −3 C/m 2 ) for an isolated glass sphere in contact with bulk water at pH = 7 and ionic strength 1 μM [24] . Such a low surface ionization can be attributed to the confinement effect of the dissociated H + ions in the nano-meter-thick adsorbed water layer. As a result, the reaction constant, pK, of the dissociation of silanol groups (SiOH [37, 38] . The two separate measurements of the bias voltage V 0 and water resistance R 0 thus give a consistent estimate of h, further confirming that the observed surface charge and surface conductivity of the solid glass sphere indeed come from the ionization of the glass sphere in contact with a thin adsorbed water layer.
The independent measurements described in this section thus provide a further support for the conducing sphere hypothesis that it is the adsorbed water layer that makes the particle surface conductive, having an electric potential close to that of the cantilever electrode. As a result, the electric field is concentrated mainly in the gap region between the glass sphere and substrate, making the glass sphere behave like a conducting one.
Summary
We have constructed an AFM-based force apparatus, as shown in Figure 1a , to measure the electric-field-induced forces between a dielectric sphere and a flat substrate.
The sphere is glued on the further end of a rectangular AFM cantilever and a dc voltage is applied across the cantilever and the substrate. Three kinds of spheres of size ∼30 μm are used in the experiment; they are the bare solid soda lime glass sphere, the same solid glass sphere coated with a monolayer of aminopropyl trimethoxysilane (APTS) molecules, and the porous silica sphere filled with an aqueous solution of urea and with dry air. The gap region between the sphere and substrate is filled by a liquid with different dielectric constants.
With this setup we measure the electrostatic force f (s, V ) between the sphere and substrate as a function of the surface separation s and applied voltage V . Because the flat substrate is plated with a thin layer of gold as an electrode, the gold surface generates an image charge at an equal distance on the opposing side of the glass sphere relative to the substrate. Therefore, the measured attractive force f (s, V ) between the sphere and gold-plated substrate under an applied E-field is equivalent to that between two identical spheres (one of them is the image sphere) at a surface separation 2s. As demonstrated in the experiment, this versatile electro-mechanical apparatus allows us to study how the measured f (s, V ) changes with the electric field strength (or the applied voltage V ), the surface separation s, and different liquids filled in the gap region between the sphere and substrate and different surface modifications of the glass sphere used. These results laid down a foundation for the future study of various E-fielddriven phenomena in the colloidal system, including the ER (and GER) effect. In particular, by using the advanced colloidal probe technique [39] , one can reduce the size of the glass sphere probe from ∼30 μm down to a few micrometers.
From the force measurements under varying sample conditions, we find that the measured f (s, V ) for the bare solid glass sphere is well described by equation (4) for a conducting sphere, rather than equation (3) for a dielectric sphere. Further force measurements for the "wet" porous glass spheres filled with an aqueous solution of urea and the dried porous glass spheres filled with (dry) air suggest that there is a water layer of a few nanometers in thickness adsorbed on the hydrophilic glass surface under ambient conditions. This adsorbed water layer is more conductive than the dielectric core of the glass sphere, making the sphere surface to be at a potential close to that of the cantilever electrode. As a result, the electric field is strongly concentrated in the gap region between the glass sphere and gold-plate substrate and thus their electrostatic attraction is enhanced.
This surface conductivity effect is further supported by the TGA measurements and force response measurements to a time-dependent E-field for the bare solid glass spheres and those coated with a monolayer of aminopropyl trimethoxysilane (APTS) molecules. The presence of the polar urea solution in the porous sphere, which behaves as a weak electrolyte solution [40] , helps to maintain a more conductive water layer on the sphere surface, making the porous sphere behave like a even better conducting sphere. For the hydrophobic solid glass sphere coated with APTS and dried porous silica sphere filled with (dry) air, their surface water is reduced and consequently the surface conductivity effect is found to be reduced significantly as expected. From the TGA and force response measurements, we estimate the adsorbed water layer thickness to be in the range of 1-6 nm. This result is consistent with those obtained previously from the AFM adhesion measurements [30, 31] .
Water is known to drastically influence the ER effect of many hydrophilic particle suspensions [9, 10] . But the exact role it plays has remained elusive for a long time. Theoretical modeling of the phenomenon used different assumptions ranging from the bulk conductivity effect of the particles and liquids to the surface conductivity and interfacial polarization and charging [3, [8] [9] [10] . The present experiment clearly demonstrates that the adsorption of a conductive water layer on a hydrophilic surface plays a dominant role in determining the electrostatic interaction between the dielectric sphere and substrate. This finding has an important implication for understanding the current leakage problem encountered in many ER (and GER) fluids.
It should be noted that the present experiment only provides accurate measurement of f (s, V ) along the electric field direction at meso-scales (s 100 nm). The measured f (s, V ) at nano-scales (s 10 nm), however, is often complicated by other effects in the experiment, such as surface roughness of the glass sphere and substrate used and short-ranged van der Waals forces. Measuring the electric-field-induced force in the tangential direction perpendicular to the electric field may overcome some of the difficulties. For example, the recent MD simulation [4] showed that the formation of water filaments or columns in the nano-scale gap region between two surfaces may give rise to a significant enhancement of shear resistance in the direction perpendicular to the electric field. Experiments to detect such shear resistance are presently under way.
